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Application of High Precision Two-Way S-band Ranging to the
Navigation of the Galileo Earth Encounters

Vincent M. Pollmeier?, Pieter 11. Kallemeyn?
and SamW. Thurman?

The application of high-accuracy S/S-bred (2.1GHz uplink/ 2.3 GHz downlink)
ranging to orbit determination with relatively short data arcs is investigated for
the approach phase of cach of the Galileo spacecraft’s two Earth encounters (8
December 1990 and § December 1992). Analysis of S-band ranging data from
Galileo indicated that under favorable signallevels meter level precision was
attainable. It is shown that ranging data of sufficient accuracy, when acquired
from multiple stations, can sense the geocentric angular position of adistaut
spacecraft, Explicit modeling of ranging bias parameters for cach station pass is
used to largely remove systematic ground system calibration ersors and .
transmission media cffects from the Galileo range measurements, which would
otherwise corrupt the angle. finding capabilitics Of the data. The accuracy
achieved using the precision range filtering strategy proved markedly better
when compared to post-flyby reconstructions than did solutions utilizing a
traditional I)opplcr/range. filter strategy. In addition, the navigation accuracy
achicved with precision ranging was comiparable to that obtained using delta-
Differenced Onc-Way Range (ADOR), an interferometric measurement Of
spacecraft angular position relative to anatural radio source, which was also
used operationally.

INTRODUCTION

The approach phases leading up to the Galileo spacecraft’s Iwo Earth encounters
(designated El and ¥2) provided invaluable opportunities totest the viability of highS-Rrecision
two-way ranging as an opcrational radiometric data type. Ranging data from N 's Deep
Space Network (DSN) has been accurate to better than 15 m for more than two decades under
favorable radio link conditions. Such data have typically been utilized at assued data accuracies
of 100 - 10000 m, duc to the cffects of ranging system calibration errors and inadcquatel y
modeled spacecraft nongravitational accelerations?. Improvements in the accuracy and stabil it y
of timing systems, ranging system calibration technigues, and transmission media calibrations,
when utilized with more sophisticated orbit determination software, NoOw make it possible to
reconsider the usc of precision range for interplanctary spacccraft. Other recent experimental
attempts to utilize high precision range with the Ulysses spacecraft [1] have met with success.
Presented here arc the results of an application of the same filter strategy to the navigation of
both of the Galileo Earth encounters. In many ways the Galileo encounters arc an ideal test of
this strategy. Duc to the relative.ly small I~arlll-spacecraft range, the radio link performance is
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good and extremely accurate post-flyby knowledge is available to allow for validation of the
results.

The analysis considers the approach navigation prior’ 10 the final maneuver’ for cach of the
Galileo spacecraft's two Iarth encounters. ‘The Galileo spacecraft was launched from the space
shuttle on 18 October 1989. Iackin? the launch energy for a direct Jutpiter tragjectory, the
spacecraft was targeted for a Venus flyby, which redirected the spacecraft for an Earth flyby on8
Dccember 1990. This flyby put the spacecraft on a two year elliptical orbit, out through the
asteroid belt anti back past the Earth on 8 Deceinber 1992, This final gravity assist placed the
spacccraft on a trajectory o Jupiter, with a planned arrival date of 7 December 199S. Duc to
Larth navigation constraints, a no time during the approach to cither Earthencounter could the
probability of the spacecraftimpacting the Earth exceed 1 X 1()-6. Yor this reason, a series of
deterministic targeting mancuvers were performed durt ing the Earth approach phase. The final
targeting maneuvers were performed at 1i-60 days and 1:-25 days, with @ cleanup maneuver
performed at k- 10 days. The data arcs for the analyses arc bounded by the 1-60 day mancuver
and the data cut-off for the design of the E-10 day mancuver, which wasat - 16 days.

The data used in the analysis arc two-way Doppler and range received at all three of the
DSN (Deep Space Network) ground station complexes, located in Goldstone, California,,
Canberra, Australia, and Madrid, Spain.  Additionally, delta-Differenced one-way Range
(ADOR) is used. This data type consists of near-simultancous delay mcasurements of radio
signals from the spacecraft and a quasar, which are received at two stations forming an
intercontinental baseline. This alows for a dircctmcasurement of angular position of the
spacecraft relative to the known position of the quasar.

THEORETICAL BACKGROUND

Sonic insight into the ability of range and Doppler measurements to determine the trajectory of
a distant spacecraft can be obtained by analyzing the theoretical precision with which the
geocentric spacecraft motion can be sensed from onc or two tracking passes of data, Similar
analyses have been performed previously for ranging and Doppler data Separately Ll -3]. Two -
way Doppler and range obscrvations arc physicaly accomplished by measuring the phase of a
carrier signal rcceived from the spacecraft relative to @ stable reference signal, in the case of
Doppler, and by measuring the phase shift of a series of tones with different frequencies
transmitied 10 and received from the spacecraft, in the case of ranging. In this discussion, it shall
be assume.d that range and Doppler measurements arc cquivalent to observations of the station-to-
spacecrafl range an r;:lg(?e rate, respectivel y. Amore detailed description of the actual Doppler
and ranging systems used in the DSN is given by Kinman [4].

The station-spacecraft tracking geometry isillustrated in Fig. 1. The topocentric range, p, and

range rate, p, can be approximated over short periods of time (up 10 roughly 24 hr) in terms of the
geocentric spacccraft range (r), range-ra[c (7), declination (6), and right ascension (o), as follows:

P =TI - (15 c0os(8) cos(l 1) 475 sin(5)) (1)
p=i+aor, cos(d sin(n) @)

where
rg  =stationdistance from Iiartl's spin axis (spin radius)
7 = station height above Larth's cquator (z-height)
() = Earn rotation rate (7.3 x 10°ra(i/see)
H o= o4 A- o0
and
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0o =Tightascension of Greenwich meridian
A = station cast longitude
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Figure 1: Station-spacccraft tracking geometry

From Eqgs. (1) and (2), it can be seen that four of the Six components of the geocentric spacecraft
trgectory - r, 1,6, and a- can be Sensed dircctl y by range and range rate measurements. Over
the time period of interest, f, 8, and a arc nearly constant; detennination of the remaining two

coordinates, § and ¢, normally requires the acquisition of multiple passes of data over a period of
several days. The accumulated information in each ranging and Doppler pass can be [bought of
as a multi-dimensional measurement oOf [hc spacecraft state, with the statistical combination of
several of these "measurements” yielding acomplete detenmination of the flight path. For data
arc lengths exceeding onc or two weeks, the parallax offered by the relative movement of the
Earth and the spacecraft around the Sun also plays a significant role in ranging and Doppler-based
navigation.

A simple Icasl-squares error analysis of estimates of r, 1, §, and o derived from a single pass
of ranging and Doppler data can be formulated analytically (refer to the paper by Hamilton and
Mclboume [3] for a detailed description). Yor the purposes of this analysis, it is assumed that, f,
d, and a arc constants, and that 1 varies lincarly with time. The information matrix, J, for these

coordinates, assuming a tracking pass in which the station-spacecraft hour angle H varies as -y <
Il < -Fys, can be expressed as
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Op = range mcasurcment NOISE onNe-sigma uncertainty
0 = range rate (Doppler) measurcment noisc one-sigma uncertainty
At = lime interval between measurements

Inkq. (3), it isassumed that At isthe same for both the range and Doppler measurements. The
r_ar(ial derivatives appearing in lq. (3) af Some time 1 with respect to the geocentric coordinates at
imet,, wheret, isassumed to be the time at which the spacecraft crosses the local meridian of

the ground station, arc as follows:

D( E)[; ) [1, tto, 7 sin(ﬁ) cos(l 1) - 7.5003(8), T cos(ﬁ) cos(] lﬂ (@)
1,8, a)=

- I = [0, 1, -(0 rssin(ﬁ)sin(} ), - 15 C()S(S) cos(1 D]
a(r, r,6,a)

Using Egs. (4) and (5) to carry outthe computations specificd in Eq. (3) and inverting the
information matrix yields the statistical variances for the geocentric range (G?), range ralc(c{;"),

declination (0%), and right ascension (6%) as follows:

ol = OM fy(y 1, 2, O, 0‘,,2, G%) (6)
o = O AUy, 8, 02, of-,) Q)
2 2

05 = - (’)' M 5 fB(W: 6, sz, Gp) (8)

I Sin & :
2 . . AL 2 o2
Oy = 5 faQy, of, Op) ©)
(rs cos d

¥qs. (6)-(9) arc similar to cxpressions derived by Anderson [4]in an earlier analysis of this same
problem ((he functions f1 through f4 arc not shown explicitl y, asthey arc fairly complex). Eq.

(8), in particutar, predicts that the declination of a spacecraft crossing the celestial cquator (8 = 0)
cannot be sensed, although this indeterminacy is not rigoroudly correct, but israther an artifact of
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the approximations used in Eqgs. (I) and (2). Incontrast, 0 IS scen from Eq. (8) 10 be

proportional to 1/cosd, which has little (4 10 percent) variation over the declination ranf;c spanned
by the ecliptic plane (424 degrees), in whichmostinterplanctary spat.cc[afl trajectories lie.

The situation described above changes dramatically when an additional pass of ranging and
Doppler datafrom a properly chosen second station is added into (he. information matrix.
Consider a scenario in which atracking pass is acquired from astation with z-heightz.g and spin
radius 1¢, followed immediately by another pass from another station with z-height -zg and spin
radius rg (Fig. 2) This choice of station coordinates is actually a good approximation for stations
located at the 1SN sites at Goldstone, California and ncar Canberra, Australia, which have spin
radii that are ncarly equal (to within about 5 km) and z-heights that are nearly equal in magnitude
but have opposite signs. Using Eqs. (3)-(5 ) to compute an information matrix for the first pass,
then adding this matrix to an information matrix for the sccond pass and inverting the sum yicelds
acovariance matrix for the combined information contained in both passes. This procedure

yields a formula for 0?)' of very simplc form when § - 0:

o« O oA a0)
87y 2\ Y

Equation (10) indicates that the z-height component of the bascline formed by the two stations
enables a determination of §, and that [hisdetenmination iSprovided solely by the ranging data.

The result for 0% obtained in the two station case is just the expression in Eq. (9) multiplied by a
factor of 1/2. With typical S-band ranging and Doppler data accuracics of S to 10 m and 0.3 10
1.0 mm/s, respectivel y, for measurcments acquired atintervals of afcw minutes, ligs. (9) and (1 O)
predictthat the angular coordinates of a spacecraft can be sensed wi th a precision of roughly 0.1
100.35 yrad for pass lengths of 8 1012 hr (y = 60 to 90 degrees). In comparison, the theoretical
angular EreCISIOH of S-band ADOR, which was also used to obtain angular measurements during
Galileo 1 :arth encounter navigation operations, was about 0.04 to 0.08 pirad, depending upon the
[racking gcometry.

STATION 1

. _EQUATORIAL PLANE _
AU
” L.Vp— ~22. % Alpo = P1) - 22 A6
STATION /J 2 P1~2% b2 P1 s A(0)
A "oz

Figure 2. Declination determination using range measureinents
from two widely separated stations
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While the theorctical results above SNOW that ranging can overcome the dependence of
I Jopplcr-based angle detcimination on the spacecraft declination, it must be recognized that the
cffects Of systematic range measurement errors, principally station delay caibration crrors and
charged particle (Earth ionosphere and solar plasma) calibration errors, will not necessarily be
reduced by averaging, aswillthe effects of random error sources. ‘These systematic errors must
be accounted for in some way, or reduced a priori through the usc of highly accurate calibrations.

FILTER STRATEGY

To account for the effects of systematic bias errors on the ranging data, independent bias
parameters arc modeled for cach station pass, This strategy alows the orbit determination filter
to cstimate errors duc to miscalibration of the ground system hardware. Additionally, these bias
parameters can also be used to approximately account for slowly varying transmission media
cffects, such as solar plasmadelay. These effects, although not truly constant over a pass, vary
dowly enough that the major portion of the effect can be modeled as a bias. This SMple ranging,
error model was implemented by estimating a stochastic bias for cachranging passin the data arc,
using abatch-sequential filter.

The a priori uncertainty of these bias parameters was chosen to be 5 m. This value was
chose.n as to alow the filter to estimate both transmission media effects as well as errors duc to
the calibration of the ground systems. in fact, examination of the values for the station delay
calibration (performed prior to cachranging pass) during the ¥:1 approach found an RMS
variation of the cdibrations of only 55 cm. “The stability of the station caibrations during the 152
?pproach was similar. A complete summary of the filter assumptions used can be found in *1'able

EARTH-1 ANALYSIS AND RESUL'TS

The Eldata arc extends from 1ii-59 days to 1:1-15 days. (10 October 1990 to 23
November 1990). During this time the Earth-spacccraft distances ranged from 50 [0 12.5 million
kilometers and the geocentric declination varied from 15 to 13 degrees. During this period, 3740
Doppler observations (600 scc count time) and 2750 range obscrvat ions were obtained. Nincteen
ADOR observations were performed, 11 of (hen} wtilizing the Goldstone-Canberra baseline and
the remainder utilizing the Goldstone-Madrid baseline. A standard Doppler weight (one-sigma
measurement uncertainty) of 1 mm/s (for a60 scc count) was used and the range weight was .

varied, from tenmeters to two meters. The data weight used for the ADOR data was 50 cm.’A
series Of solutions were performed, These included Doppler only, and Doppler and range with
various range wdghtijoo, 10m, and 2 m), and a solution using Doppler, range, and ADOR,
This final solution closely corresponds to what was used for the operationa design of the final
maneuver. |’ able 2 summarizes the solutions performed,

Figures 3 and 4 shows all of the solutions in the ¥1encounter @ming plane (sce
Appendix). Figure 3 shows al of the traditiona runs, while Figure 4 shows the precision ranﬁe
filter stratcgy solutions compared to the best traditional solution. The thi rd component, the
lincarized time Of flight, was the same for all strategics and IS therefore not shown. All of these
solutions arc compared [0 the post-flyby reconstruction. This reconstruction is accurate to the
100 m level. The best result is from the 5 m range weight solution, athough both the S m and 10
m solutions provide solutions which are comparable to that provided by the ADOR solution. All
of the range solutions provide considerable improvement over the Doppler only solution. The
two meter range weight solution, however, dots not possess uncertainticsthat arc any better than

“This is a differential delay observation converted 10 units of length. This data weight corresponds to an angular
position of 75 nanoradians on the. Goldstone-Madrid base.line and 50 nanoradians ou the Goldstone-Canberra baseline.
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the 5 mor 10 m weight solutions. ‘The movement of this solution is caused by the weighting of
the data beyond that which is warranted by the data quality. Although the post-fit RMS of the
range residuals in all of the precision range solutions is approximately 1 mover the entire data
arc, the residuals arc much larger than this for the early part of the data arc where the ranging
sigtlal-to-noise ratio (which varies as 1/1*) was much smaller, yielding substantially larger thermal
noiselevels. The 5 m range weight solution and the 10 m range weight solution arc in error by
0.48 pradians and 0.37 pradians, respectively.® This compares with an error of 0.76 juradians for
the best solution using the conventional filler strategy.

_Souce 1 A _priori l-y T Remarks
Random Data Noisc o '
Doppler 1 mm/s One way cquivalent dataweights
(60-scc average)
Range 100m to 2 m )
- ' Estimated Parameters
Spacecraft State Vector position: 108 km No a priori information assumed
velocity: 108km/s
Solar Radiation Pressure radial 5% Expressed @ percentage of nominal
cocfficients transversc 1% | acccleration
Attitude update 0.5 mm/s Approximately 1 every 2 weeks
mancuvcers (spherical)
Propellant Line Magnitude: 0.5 mm/s Approximately T every 3 weeks —
TNushings Dircction: 15 mnad
Quasar Tocation for 100 nanoradians ~ conservative
ADOR L
B Estimate §lo_qhaslic‘}’aramclcrs _ _
Rangc BiaSes “S5m '
_(one per station-pass) 1

Consider Paramclers
(parametcers not included inthe filter estimates, but included in the final uncertaintics)

Fami Gm 0.15km3/sZ2— JPL. ephemeris DE 125
Earth Ephemeri s Radial: TITEFP
(Heliocentric) Along track: 30.() km JPL ephemeris DE 125
Out of Plane: 1S.0 km_
DSN station Local ions spinradius: 0.24 m |7 The relaiive unceriainty between
Jongitude: 0.24 m stations iS approximately 5 cm,

z-height: (.30 M
Spacecrali accelerat 10ns [transverse: 1 x 1012

km/s _ —
Tropospheric zenith 4 cm ~ ~
Delay 1 cm (dry)
Tonospheric zenith 75 cm (day) S-band valucs
_ Delay 15 cm (night) (conservative) _

Table 1: Modeling Assumptions

*Geocentric angular error at the end of the data arc
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Figure 5 snows the results of the solutions for the stochastic range biases and their
associated 1o uncertaintics. It can be scen that the a posteriori uncertainty of the cstimates ld;ocls
improve by approximately afactor of two in comparison 10 the a priori uncertainty of S, oth
single pass outlicrs as wc]] aslong term [rends arc present. g indicatec that the filte s solving
for both station calibration crrors (single pass) and longer tenin phenomena(imostlikely solay
plasma effects).

Solution Data Types and Weight Comments
- Doppler Range ADOR 7 P
1 ~ I'mm/s N/A N/A No stochastic Fangebiases estimalted '
2 1 mm/s 100 m N/A No stochastic range biases estimated
3.0 Tmmfs | 10m | N/A 7 New filter strategy used
4 - I mm/s S5m N/A New ﬁltcrstxialcg).’y'ldm
5 Shmm/s p o 2m o N/A | New filter strategy used
6 1 mm/s 100 m 50 .cm No slochastic range biases ¢stimaled
Table 2: Summary of" Solutions
-6720 6 7(XI
€S Doppler: { iy
oppler. s Actual
ange. o s | Vae |
wpler. | mm/s -
6110 o™
ADOR: None
-6705 -6690
doppler. 1 mny/s Doppler. lmm/is
Range: 100 m N ~|Range: Sm
| ADOR: None ADOR- None
-670") A :
BeR B-n
(k) (k) ~6685
-6695
X
6690 | 66770
T Dopples. 1nnys:
-6685 Range: 100m
Actual ADOR: S0cm
Vatue \ ™ {("’I‘Pl‘-‘f-l010“'“\/s 6 Dopphee. 1 mo/s
ange: o
~6680 AD(%R‘ S0 cm ::[a)rg[c( ZNonc
T I B B T T -6670 Cy ey ¢
-9050 -9055 -9050 -9045 -90 -8035 -9060 -905S -9050 -9015

g .1 (km) B .1 (km)

Figure 3: E1 Conventional Solutions Figure 4: E1 High Precisio n Range Solutions
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Smoothed Salutions and Uncerolatias
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Figure 5: E1 Range Bias solutions and Uncertainties
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EARTIH-2 ANALYSIS AND RESULTS

The second flyby of Earth in December of 1992 was similar to the first in many aspects.
Both flybys were achicved by a series of targeting mane.uvcrs placed at Earth-60 days, Earth-25
days and Earth- 10 days, Continuous tracking started 35 days prior to closest approach, and a
campaign of ADOR observations supplemented the collection of Doppler and range data. “1" here
were, however, some di fferences between the two flybys worth noting, Yor one, the spacecraft
was much higher in geocentric declination for the second flyby (300 versus 13°). Also, the
second flyby resulted in an altitude of 304 km at closest approach, rather than the 960 km atitude
at the first flyby. This final difference, however, had no significant cffect on the precision range
investigation.

The data arc for the second flyby was dightly different from the first for two reasons. For
the lanalysis, the data arc started immediately after the Earth-60 maneuver. This could not be
done in the Earth-2 case duc to an attitude change 5 days after the Earth-60 day maneuver.~ Duc
to the size. of thistum and its effect on the orbit determination process, it was decided to start the
data arc for the 2 investigation aficr this turn. This, combined with a data cutoff a day earlier,
(for ground sequencing reasons) made the Earth-2 data arc 6 days shorter than that for E1
Secondly, duc to heavy competition for IDSN station time from November 6-14, fewer ranging
opportunitics than in the 11 case were available. Ovcrall, the 12 data arc contains 2260 Doppler
points (600-second count time) and 1834 range. points from October 15 to November 22.1n
addition to the radiometric data, 2.1 ADOR observations were attcmpted from October 27 1o
November 21, resulting in 9 usable ADOR observations from the Goldstone-Canberra baseline
and 1() from the Goldstone-Madrid bascline.  Thelist Of estimated and considered parameters
and their a priori uncertainties for those parameters arc identical to that used in the ki1 analysis.
('I'able 1). Doppler was weighted at 1 mnm/sec (for a60-second count) and range was weighed at
100 m, 10 m, 5m. and 2 m, cxactly asin the E1 investigation.

The results of the 12 analysis arc shown in Figures 6 and 7. As was done for the I1
experiments, al results were mapped to the Earth-centered aiming plane at the time of closcsL
approach. As was true fo1 ki1, the aiming plane was ncarly coincident with the planc-of-sky,
which meant the ability of each strategy to determine the aim point for the encounter was closely
rclated to the ability to determine the geocentric angular position of the spacecraft over the data
arc. All solutions arc Compared to the post-flyby reconstruction. Figure 6 shows the aiming
plane results from the more traditional data fitting techniques, while Figure 7 shows solutions
produced via the precision range filter. The 1-sigmauncertaint ){‘cll ipses are also shown for cach
solution. In every case, the solution was within 1-sigma of the true solution. Of all solutions
shown in Figure 6 the Doppler-range-AlXIR case was the best with an error of 1.6 km in the B-
planc.

Of the three solutions shown in Figure 7, the 2 meter solution yields the best estimate,
with an error of 2.5 km in the aiming plane. This number corresponds to an angular accuracy of
0.16 prad at 16 days before closcs approach, which is consistent with {he. theorctical angle
finding precision of the ranging data. Because of the high declination situation in Earth-2, the
Doppler solution is a strong onc to begin with. Thercfore, the true strength of the precision
ringing technique only comes into play when the range is weighted betier than 5 meter accuracy.
The improvement in the 2 m solution as compared to the performance of a 2 m weight solution
from E1was expected, asmost of the ranging data obtained for 1:2 was acquired over smaller
distances than El, resulting in a smaller thermal noise level in the data. The range data quality al
12 was twice that of 1, with apost-fit RMS for the range residuals of 50 cm.

6 This was 2 40° attitude change. associated with an attempt to deploy the High Gain Antenna, The effect of ibis
attitude change is not separable from the maucuver just prior.
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Figure 8 show the results of the range bias solutions for the 2 m range weight solution,
Ranging from all three stations, cspecially Goldstone, during the early part of November Was
gparse duc to conflicts with other projects and activitics for station tracking and calibration time.
Continuous ranging was available on day 318, and gaps after that date arc where the range data
was deleted duc to unusable station calibration data. The largest range bias value of S0 range
units (7.2 meters) occurred at Madrid on DOY 289, and when compared with a range residuals
display for a 100 meter range fit, could be explained @S an unusually large station calibration error
for that day. Where the range data was ncar-continuous, there is some slight correlation in all
three stations (Seen as a downward slope from day 320 to day 325). Since the behavior is similar
for all three stations, it suggests the filter iSdetecting range delay variations induced from non-
station sources, such asthe cffect of solar plasma, or perhaps the spacecraft transponder clectronic

delay.
1080 1 086
Dopplee. | mays
Range: 10
ADOR" None
Doppler 1 mnys
Range 100 m
1085 ADOR None 1085
Doppler.  min
Actual i:g:{ er(‘)]nc
1090 Value 109%
B+R B+*R
(km) (k)
1095 s
ppler. 1 mads
ange: 5
DOR: None
Actwal
Value
1100 1100
Dappler. | onys
age: 100 m
Doppler. | mavs DOR: 50 e
Range: 100 m
ADOR: SO ¢
“05,!,.'...|‘,.44....‘...4 1105 [ T
-10535 10530 -10525 10520 -10515 -10533 10530 -10525 -10520
B .1 (k) 8.1 (k)
Figure 6: 2 Conventional Solutions Figure 7: 12 High Precision Range Solutions
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Smoothed Solutions and Unceclalnbies
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CONCILUSIONS

The E1and E2 orbit determination analysis results are sSimilar in many respects. In both
cases, the performance of the precision range filter strategy yielded solutions comparable to or
better than those obtained using ADOR, although in theory ADOR provides more accurate
angular position measurements. ‘The relatively poor performance of the conventional solutions
using ADOR isattributed to the relative sparseness and irregular distribution of the ADOR data
set. This isin turn duc to the operational requirements associated with obtaining ADOR
obscrvations, which preclude as frequent an acquisition of observations as Doppler and range.
The relative case of ranging data acquisition and processing makes rangi gg an attractive
altemative to ADOR when the precision of the ADOR observations arc not reguired.
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APPENDIX

Planctary approach trajectorics are typically described in aiming plane coordinates, often
referred to as “l~-plane’ coordinates (scc Fig. A-1).  The coordinate system is defined by three
orthogonal unit vectors, §, 7', and R with the system origin taken to be the center of the target
planct. The S vector is parallel to the spacecraft's approach asymptote (parallel 10 [tic Voo vector)

while I"isorthogonalto S and lies in the ecliptic plane. Finally, R completesanorthogonal triad
with $ and 7'

TARGET I/{\lQCYszAw{\JOGT 3
NS G )
AIMING PLANE PLANET  DIRECTION

("B-PLANE").

' HYPERBOLIC
PATH OF
SPACECRAFT

/" DISPERSION
ELLIPSE

TRAJECTORY !
PLANE

DISPERSION ELLIPSE
ORIENTATION

Fig. A-1 Aiming I’lane Coordinate System Definition

‘The @im point for a planctary encounter iSdefined by the miss vector, 1, which lies in the&
R plane, and specifics where the point of closest approach would be if the spacecraft's flight path
were not deflected by the gravity of the target body. The time from encounter (point of closest
approach) is characterized by the linearized time-of-flight (1 :10¥F%), which speci fits what the time
of flight to encounter would be if the magnitude of the miss vector were zero.  Orbit
determination errors arc characterized by a one-sigma or three-sigma 11-plane dispersion cllipse,
also shown in Fig. A-1, and the one-sigma or three-sigmauncertainty in 1. TOF. in Fig. A-1,

SMIA and SMAA denote the semi-mil~or and semi-major axes of the dispersion ellipse,
respectively.
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